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The efflux pump inhibitor phenyl-arginine-�-naphthylamide (PA�N) was paired with iron chelators 2,2�-
dipyridyl, acetohydroxamic acid, and EDTA to assess synergistic activities against Pseudomonas aeruginosa
growth and biofilm formation. All of the tested iron chelators synergistically inhibited P. aeruginosa growth and
biofilm formation with PA�N. PA�N-EDTA showed the most promising activity against P. aeruginosa growth
and biofilm formation.

Pseudomonas aeruginosa is an important opportunistic
pathogen that can cause a wide range of human infections (4).
P. aeruginosa is notorious for its tolerance to antimicrobial
agents and continues to cause a serious public health problem
worldwide (1). The intrinsic multidrug resistance of P. aerugi-
nosa is due, to a large extent, to the expression of efflux pump
systems, which include MexAB-oprM, MexXY-OprM,
MexCD-OprJ, and MexEF-OprN (14). These efflux systems
are reported to promote the export of antibiotics, organic
solvents, biocides, and dyes (14). Recently, efflux pump inhib-
itors (EPIs), which specifically target the efflux activity and
pump components, have been identified and proposed as novel
agents to combat drug efflux mechanisms of pathogen (10). For
example, phenyl-arginine-�-naphthylamide (PA�N) has been
reported to be an efficient EPI for P. aeruginosa, as it can
potentiate fluoroquinolone activity in resistant P. aeruginosa
strains (9).

Among all of the reported P. aeruginosa Mex efflux systems,
MexAB-OprM is the only system that is expressed constitu-
tively in cells grown in standard laboratory media (15). This
suggests that the export of antimicrobial agents is not the
primary function of the MexAB-OprM efflux system. The
MexAB-OprM system was identified initially by growing P.
aeruginosa in iron-depleted minimal medium containing 2,2�-
dipyridyl (Dipy) (13). In that study, Poole and colleagues re-
ported that MexAB-OprM is overexpressed under severe iron
limitation conditions, suggesting that the MexAB-OprM sys-
tem plays an essential role for P. aeruginosa survival under iron
limitation conditions (13). The study thus suggests that the
combination of efflux inhibitors and iron chelators synergisti-
cally inhibits P. aeruginosa growth. In the present study, we
evaluated the synergistic activities of EPI with iron chelators
against P. aeruginosa growth and biofilm formation.

The wild-type P. aeruginosa strain PAO1 (7) and two iso-
genic mutants, pvdA (deficient in the synthesis of the iron
siderophore pyoverdine [18]) and mexAB-oprM (deficient in

the synthesis of the entire MexAB-OprM efflux pump [11])
were used in this study. Bacterial strains were cultivated in AB
minimal medium supplemented with 30 mg/liter glucose (5).
The AB minimal medium is an iron-restricted medium that
promotes the production of the iron siderophore pyoverdine in
P. aeruginosa (17). Stock solutions of 100 mg/ml Dipy (Sigma-
Aldrich) in ethanol, 100 mg/ml acetohydroxamic acid (Sigma-
Aldrich) in water, and 100 mg/ml EDTA (Sigma-Aldrich) in
water were kept at 4°C until use. A stock solution of 10 mg/ml
PA�N (Sigma-Aldrich) in water was kept at �20°C until use.
The growth-inhibitory assay was performed by growing P.
aeruginosa strains in 96-well microtiter dishes. Overnight cul-
tures of P. aeruginosa strains were diluted 100 times in freshly
prepared medium containing an appropriate concentration of
PA�N. Diluted cultures (100 �l) were added to each well of
the 96-well microtiter dishes. Iron chelators (Dipy, acetohy-
droxamic acid, and EDTA) were added to cultures in the
96-well microtiter dishes in 2-fold dilution series. Culture
dishes were incubated at 37°C for 24 h, and the optical densi-
ties of the cultures were recorded at 600 nm using a VICTOR3
plate reader (Perkin-Elmer). The evaluation of the growth-
inhibitory effect at each drug concentration was monitored in
triplicate assays. Biofilms were cultivated as previously de-
scribed (3) by partially immersing coverslips in green fluores-
cent protein (GFP)-tagged PAO1 (17) cultures in Falcon tubes
in the presence of different compounds. The ciprofloxacin
MICs for P. aeruginosa in the absence or presence of PA�N
and/or iron chelators were determined by a serial dilution
assay.

The growth of P. aeruginosa PAO1 was reduced significantly
at concentrations of more than 200 �g/ml PA�N and 80 �g/ml
Dipy, respectively (Fig. 1, first row). We observed clear syner-
gistic effects from the combination of PA�N and Dipy. A
concentration of 100 �g/ml PA�N significantly inhibited the
growth of PAO1 in the presence of 20 �g/ml Dipy, and similar
inhibition was obtained with a combination of 50 �g/ml PA�N
and 40 �g/ml Dipy (Fig. 1, first row).

The synergistic effects of PA�N and Dipy on an mexAB-
oprM mutant also were tested. The mexAB-oprM mutant was
more sensitive than the wild-type PAO1 strain to Dipy and
PA�N individually as well as to the combination of the two
(Fig. 1, second row). Dipy at 40 �g/ml completely inhibited the
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growth of mexAB-oprM mutant (Fig. 1, second row) but only
partially inhibited the growth of wild-type PAO1 (Fig. 1, first
row); 200 �g/ml PA�N reduced the growth of the mexAB-oprM
mutant to a very low level (Fig. 1, second row), while it only
partially inhibited the growth of wild-type PAO1 (Fig. 1, first
row). It also was noticed that PAO1 in the presence of more
than 100 �g/ml PA�N was more sensitive to Dipy than the
mexAB-oprM mutant in the presence of no PA�N (Fig. 1). This
result suggests that the synergistic activities between PA�N
and Dipy is only partly associated with PA�N being a MexAB-
OprM efflux pump inhibitor. We also tested whether the
MexAB-OprM efflux pump is involved in pyoverdine synthesis,
since pyoverdine can facilitate the growth of P. aeruginosa
under iron-limited conditions (12). The mexAB-oprM mutant
was found to produce normal amounts of pyoverdine, and
PA�N did not reduce pyoverdine synthesis in the wild-type
PAO1 strain (data not shown). The synergistic activities be-
tween PA�N and Dipy might partially be due to the ability of
PA�N to affect membrane integrity when added at high con-
centrations (9).

The synergistic action by PA�N and Dipy on a pvdA mutant
also was tested. As expected, the pvdA mutant is more sensitive
to the iron chelator Dipy (Fig. 1, third row) than the wild-type
PAO1 strain (Fig. 1, first row). However, the PA�N and Dipy
combination inhibited the growth of the pvdA mutant in the
same manner as wild-type PAO1 (Fig. 1), which indicated that
the synergistic activities between PA�N and Dipy do not de-
pend on the production of the iron siderophore pyoverdine.

In a further investigation of synergistic actions by PA�N and
iron chelators, the effects of acetohydroxamic acid and EDTA
combined with PA�N were tested. Weak synergistic activities
from PA�N and acetohydroxamic acid added at high concen-
trations (e.g., 100 �g/ml of PA�N and 80 �g/ml of acetohy-
droxamic acid) were observed for both P. aeruginosa PAO1

and the pvdA mutant (Fig. 2A). In contrast, EDTA added at
low concentrations (such as 2.5 �g/ml) significantly reduced
the growth of P. aeruginosa PAO1 and the pvdA mutant when
combined with 50 �g/ml PA�N (Fig. 2B). This possibly is due
to the fact that EDTA can cause the release of protein-lipopo-
lysaccharide complexes of P. aeruginosa (16). The pvdA mutant
is more sensitive to the iron chelator acetohydroxamic acid and
EDTA than wild-type PAO1 (Fig. 2). However, combinations
of PA�N, acetohydroxamic acid, and EDTA inhibited the
growth of the pvdA mutant as well as wild-type PAO1 (Fig. 2).

Since both iron uptake and efflux pump activities are re-
ported to play important roles in P. aeruginosa biofilm forma-
tion (2, 11, 17, 18), we further tested whether PA�N and iron
chelators could synergistically reduce P. aeruginosa biofilm for-
mation. Biofilms of P. aeruginosa strain PAO1 were cultivated
for 24 h and analyzed by confocal laser-scanning microscopy
(CLSM). To gain statistical significance, three independent
biofilm images of each biofilm were acquired by CLSM and
then analyzed by the COMSTAT program (6). All three tested
iron chelators were found to synergistically reduce P. aerugi-
nosa biofilm formation when added in combination with PA�N
(Fig. 3 and 4). However, EDTA was found to increase P.
aeruginosa biofilm formation when used alone at the tested
concentration (Fig. 3 and 4). This might be due to the fact that
EDTA can cause the release of lipopolysaccharide from the
cell wall, and the lipopolysaccharide released from the cells
might serve as matrix material for the attachment of biofilm
cells (8).

Finally, we also tested the effects of combinations of PA�N
and iron chelators on the antibiotic sensitivity of P. aeruginosa.
We found that PA�N increased the activity of ciprofloxacin
4-fold (MIC � 0.05 �g/ml, down from 0.2 �g/ml) at a concen-
tration of 50 �g/ml in our assay. None of the three tested iron
chelators (Dipy at a concentration of 10 �g/ml, acetohydrox-

FIG. 1. Growth of P. aeruginosa wild-type PAO1, mexAB-oprM mutant, and pvdA mutant in the presence of different PA�N-Dipy combinations.
The optical densities of the cultures at 600 nm (OD 600) were recorded after 0, 2, 4, 6, 8, 10, 12, and 24 h of incubation at 37°C. Each value
represents the means and standard deviations from three wells of the microtiter dishes.
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amic acid at a concentration of 80 �g/ml, and EDTA at a
concentration of 5 �g/ml) affected the activity of ciprofloxacin.
The combination of PA�N and the iron chelators at the con-
centrations mentioned above had the same effect on the activ-

ity of ciprofloxacin as PA�N alone, i.e., reducing the MIC from
0.2 �g/ml to 0.05 �g/ml. However, considering the synergistic
effects of PA�N and iron chelators on inhibiting the growth
and biofilm formation of P. aeruginosa, it seems that combina-

FIG. 2. Growth of P. aeruginosa wild-type PAO1 and pvdA mutant in the presence of different PA�N-acetohydroxamic acid combinations
(A) and PA�N-EDTA combinations (B). The optical densities of the cultures were recorded after 0, 2, 4, 6, 8, 10, 12, and 24 h of incubation at
37°C. Each value represents the means and standard deviations from three wells of the microtiter dishes.

FIG. 3. Biofilm formation at the air-liquid interface of glass slides immersed in culture medium containing medium alone (A), 20 �g/ml Dipy
(B), 80 �g/ml acetohydroxamic acid (C), 5 �g/ml EDTA (D), 50 �g/ml PA�N (E), 50 �g/ml PA�N and 20 �g/ml Dipy (F), 50 �g/ml PA�N and
80 �g/ml acetohydroxamic acid (G), and 50 �g/ml PA�N and 5 �g/ml EDTA (H) was observed by confocal laser-scanning microscopy and analyzed
by IMARIS (Bitplane AG).
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tion treatment with PA�N, iron chelators, and conventional
antibiotics reduces the risk of the development of antibiotic
resistance and tolerance.

In conclusion, we have shown here that synergistic effects
from combinations of PA�N and different iron chelators could
be obtained against P. aeruginosa growth and biofilm forma-
tion. Our study suggests that combinations of EPIs and iron
chelators constitute promising therapeutic interventions
against P. aeruginosa infections. Further studies of synergies
from combining EPIs and iron chelators against P. aeruginosa
growth in vivo should be carried out.
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FIG. 4. Quantification of biofilms by COMSTAT. The results are means of datasets obtained from the analysis of three CLSM images acquired
at random positions in each of the biofilms. Standard deviations are shown in parentheses.
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